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Table 1 Parameters of improved Davidson-Cole
dielectric model

KRS 4L R4 RIS 4L R4
St T LR {in 7NN
T e HIHS As,B,7 et b

W I AR 48 2 1) AL 5 32 8, 4 R AR N R 2 A
B R R gl 2 th BB W), o, As
B ESHCR AR, HL, il A A 15
FUARRLA AR S R, S0 A 2 2 00 5 i
EAJE I FORETRE 5 A YOG R R T AR 2 %
AL R AR A S E,

2 IG5 FDS M=

SEIGANRS : IDAX 300 46 26 A = A 3k
(DL S A1) HKF700 %9 7K 430 52 A3 1
REACH B2 TEAE PR\ LC-20A B & 50 AH
L s B,

SRS AR ) . At AT 2 A R A AR (JR N
0.5 mm) .25 5@ 0 Pl R ARFERER
2.1 SEIGTAbIE

P24 2 AR B 1 AR R 130 mm B[R, F A 24
R 15 g, RS AR5 SR B 48 S 4 il & TE
& 110.0 °C/50 Pa B9 T #4285 T4 72 h, il ad
PR 2 H P R FR R AR B 48 R ARBIOK
NTF0.15%.,

2.2 KRR

a. HIH 4 4S5 K B AR 4 ZamaRkeE, 5%t
P WAL A A oy T, R B TR A
SR ) , 308 328 15 AN [ (R W B ], IR R 2R FEAR
75 HKF700 B 7K 2300 5 A3 2 45 21 5% K 2 M,
1R 0.7% 1.3% 2.5% 3.7%1) 4 ik ke, B4
FE 3 sk ARB AU, RGBS )5 e
Yy AR A 30 °C AOTEIRAR B 4 4 4 400y
AT IR A T ELZ3 120 48 h, )5 i F IDAX -300
A G MAAL KT 4 248 Zm 4R REDEAT FDS &

b. HlH S HEARRE R R L ZmAGREE, B
Sek AL BRSP4 Z A0 FEFE R 110.0 °C/50 Pa BT
WA TR TR 108 BUBT e 2R DR A T 108 A
B AR E T = ke B B, fE W N R
48 h, PR A 4 G AR RE B = FE R S B A
AR ShELZS = SUEN 130 Pa, 7 AR N,,
S E353 0.1 MPa, 78 130 °C R #EA7T s # 24k,
ZALAA BT T HITE B R 10~200°C | IR EE MR
+0.1°C ;7 BI7EZ AL RECH 7,14 .28 .42 .56 d HFHL
WL A8 S AR, R EE IR T E R 72 hy,
B2 Zem AR RE B TE AR T E TR AR R BN
30°C , REVEHE N £1.0°C . fdiFH IDAX-300 44 2]
A8 Z i 4R R T FDS I, 0 2 A0 B B



@ & 0 8 % w it %

%39%
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Table 4 Fitting values of Davidson-Cole dielectric model

parameters under different aging degrees

A E
¥ C= C= C= C=
0.194 mg/L. 0.276 mg/L. 0.290 mg/L.  0.364 mg/L

4./ (S m™) 0.074 0.092 0.108 0.097
T/s 844.7 799.6 793.3 764.3
&/(S-m™h) 4.51 5.25 3.98 3.42
Ag/(F-m™) 30.81 37.45 81.97 135.42
&/ (F-m™) 4.20 4.97 4.31 4.83
B 0.597 0.609 0.618 0.637

n 0.24 0.18 0.32 0.08

H 2 4 n] UL BEE ZACRERE AR, I TPopR s &
i C, B, B X FRIE B & b T, i
T o, KGN, WA R )R] 7
POHAbS B AR WA, BT AR
TR, 4 S ACAS W7 24 = ORR I 23 BB 28 %k v, Ay
JTAFEZ T K, BT LA A fL R BUR I LR Y
TEARIE R, ST B RIS, TR 44 ot o A v
I3 F , U6 5 AR ) S (o L 2T 24 2R 23 g s R P 1, A
o2 T i A AR 9 28 BRI T AR i R Y
KA UL 7 BEZ 80N, BREEEE AL , A R R if 2
ARG B K oy T B S 2 o e Al o B R (]
M 4 T o, EARE BT IR AR R
HE R IR Ok 2 | BT L o IF A — ELHE R, i
AR . BAE NI €, WERIES B, R4
P R T8 BRI B R B A T B LA, 15 8 BT
5 C, ZWREBCRIES,

£S5 ¢ 5r.pHMEHER

Table 5 Function relationship between 7,8 and C,

PP PEXZRAK WA E
7=635.1-294.21gC, 0.979 6

T T7=954.2e7 0937 0.972 1
7=933.8-474.5C, 0.968 6

B=1.458-0.909 3¢70-270 1€, 0.954 1

B8 B=0.236 8C, +0.547 8 0.941 7
B=0.701 7¢, *10 8 0.880 1

3R 5 AR R 4518,

a. BRI S C, Ml r AR RO R AL
PERUCRE BRECRA RS P, L5 s R
Z AT UL, oK Gy 50 O S S0 74 I 1] 5 AR 114
ML, Bt 25 5 B O3 K, AR R, S5
FLBHLREARR , B AL St BR8] 7 BRI fr e vT W, 7 B4y
Z RN GG R K SRR, W2 B e e



o) & 0 8 % w it %

%39%

FREERsE bRz i & S 8O0UE R A2,

b. [EPCRXFREE B HHERE & & C, A& RIFH
TRBOCR LA X R AT W BEE & 0 B
W, BN XTFREE B 23 T, i R AIE & BB AT a0 3R
Tk 46 25 2 A RIR S AT T VP AR I 4R 48 2% 1) 2 4k
I,

A gE 45 R B IE T 2 Davidson-Cole £ H
RSB0 il A% 48 2% 32 ) 5 22 AL TR B VP Al 19 A AL
P, Bt Davidson-Cole 47 HL A 780 ] FH P-4t v 4R 46
G R AR I B AN SZ RS

4 NEREZMAEIE

% & BRI B R I AR % (1 2 A R 5T
Xt FDS I 45 A i B R R , A il 2 5 7K ik
AR M, = 0.5% W4 5 48530 5 0y, B0 Uk
B3 2RSS CE AR — rEAR I 1 B A S AR AR 1)
JEE L IFRA TG BB L 24 h, Frea 405807
FhE K 5 A — A AR ke oy SR R AE
TERREE S 30~70 CIFHEST FDS UL, P4 SR 40 ]

5 Firn.

2x107
W 1x107°
0

107
% 1010
108

10 1072 10° 10% 104
fIHz
-=30%C, 40°C, - 50C
-~ 60°C, «— 70°C

5 M, =0.5%Kt, RNERE TR L5H FDS
Fig.5 FDS of oil paper insulation at different
temperatures when M, =0.5%

I 5 AT Dl T v (A2 A v R S L M
PR EI7AE I PRI AR A A2 e 2 i AR 48 2% 3647 FDS
i SN PN s R 2 TR B (52, AR S
JETE 30 °C T X B K o 2k il AR I Ak 4t 23
Ak AT FDS W5 Y, R, AR 4 STk [ 15 )R A
SCRIIREE T 5748 R4 SEMR FE T, A8 A Arrhenius

e
_ BT 1
ap=exp [R(TS_T) } (10)

Ho R ONBEH2E S W8 E, iGAeie, A0 H Bl
BHR AR T AR AL, R AT DL i IDAX 300 46 %%

MRS E E, 5 R (A, TR SR R 556 18
RAK(10) BP AT A58 o, WRIEE S Bl T 8lE
RELIRE T, 5 o, R (1) iR, H
PUE I EE N 0.996 8,

o, =0.117 8exp(0.070 27.-0.010 4)  (11)

o SRR TR S 0 3R A AR R 1 06 AR A
(12) fit7s
Oy :f'r/ fo (12)
Hor, fp RSEGEREE T, SR &' —f &"~f ML
B 1A S BT £ R &' —f & —f I
JE 2 s VA 55 2 300 IR B 30°C i Xof o A A
MR o, 520 12) B 520 FDS {h & AEAH RN R )5,
RRNEE R EIR A T ey FDS i<k, aliHER
TSR EEXT FDS T 25 R A 52 MR, 98 )5 38 ik Z 4040
B VPGS A 19 32 W) 5 B AU RE B T 4 e PP AL 45 2R
B HERPE

5 #ig

a. ARG A EH T 5Bk S B8 1 T ek
Davidson-Cole A HLARAY 5 o 1Atk Bk 3072 K AT
EAL S AZ MRS TT B 48 Z i 40RE i Y 52 FDS £
AR Davidson-Cole S HIBAIY & ™ (155 R AT
fif A= i AT S8R, #5158 8] 7 4 Davidson-
Cole /M HUBLHEYISHL Ay BT T 5T S i bifi 440 2% 1 4K 52 1]
FEEE 52U (AR LA R B, M, IS R 2 fi 45
o JER T WU C GRS 7 W, R,
HASEONEA B ELR,

b. W B o, F 7 ER PR L Z% M, 5 C,
FFRHES LA 2] T B L R g5 R/ R
WY C o5 M, ¥WHEERIFWNIEEOCR;7 5
C. M, FH RIFHINEOCEK, Bk T 2t Davidson-
Cole MBI SZHL B o, 5 7 XIMARLL 52 W] ] &
AR BE DAl A 50

c. GI AR #1255 FF 5 XF FDS Wl 2 45
RATIEAE IE TR 1 AR5 96 Uk B2 X P74k 45 SR
HSEI B T I 48 TR AR T AR 48 2% 1) 2 W R B S
EACTREE AL VP A T Sk

d. T2 R LA A 2%, bR T A OB TR
AR BUAZT HEK A, R A AR 5 o AT PP AG
A B X 3 Ak 5 7K o — X A KA AU 2
B | 2B 5 ke X H A T SRS

P S LA M 25 3% (http : // www.epae.cn) .
SEH .

[ 1] e, 585, B €, 4. SRAEIE Cole-Cole 15571 H By 4T
AN B IE A IES Tk (1], &SR AR, 2013,39
(2):310-317.



£ 18

B V% RITEH Davidson-Cole A LRI (1715 P BT 46 s Bt 25 40 b7 o7

YANG Lijun, QI Chaoliang, DENG Bangfei, et al. Application of
modified Cole-Cole model to extract characteristics of frequency di-
electric spectroscopy of oil-paper insulation[ J]. High Voltage Engi-
neering,2013,39(2) :310-317.

SETAYESHMEHR A ,FOFANA I,EICHLER C,et al. Dielectric spe-

—
(3]
[—

ctroscopic measurements on transformer oil-paper insulation under
controlled laboratory conditions[ J]. IEEE Transactions on Diele-
ctrics and Electrical Insulation,2008,15(4) :1100-1111.

[ 3] BEUAR, B ORUL, PMEEAD, 5. JET FDS (Y78 gl 4t e ez

BES KAy SR VPAG Jr ik [T]. 0T B 34, 2017,37(1)
217-223.
LI Chenglin, CAO Baojiang, SUN Jianxiang, et al. FDS-based as-
sessment of aging degree and moisture content for oil-paper in trans-
former[ J |. Electric Power Automation Equipment,2017,37 (1)
217-223.

[ 4] BRABI, FLZR R 2, 4. 78 ds i AR 200 2% I 00 v B o/ N A

FRAE R g R 4[] ML) A sl b &, 2014, 34 (6)

89-95.

CHEN Weigen,DU Jie,LING Yun,et al. Energy-wavelet moment cha-

racteristics of air-gap discharge in oil-paper insulation of transformer

and partition of discharge process[ J]. Electric Power Automation

Equipment,2014,34(6) :84-95.

LINHJELL D,LUNDGAARD L, GAFVERT U. Dielectric response

—
W
[—

of mineral oil impregnated cellulose and the impact of aging[J].
IEEE Transactions on Dielectrics and Electrical Insulation, 2007, 14
(1) :156-169.

XIS, R, 2R, AF . I AR 48 2% & AL AT Al 1) Davidson-Cole
BRSHARBOTI )] HLS A4, 2017,21(3) :63-70.
LIU Ji, YIN Menghan, LI Xiujing, et al. Parameters extraction of Da-

—
(=2
[

vidson-Cole model on aging assessment of oil-paper insulation[ J].
Electric Machines and Control,2017,21(3) :63-70.

HHT X AR, A5, KGO i 5 43 A0 X Il AR 2 A H
AR T E ST [T]. SRR AR, 2014,40 (11)
3403-3410.

—
~
[i—

DONG Ming, LIU Yuan,REN Ming,et al. Impacts of Moisture con-
tent and distribution on frequency domain spectroscopy of oil-paper
insulation system by FEM approach[ J]. High Voltage Engineering,
2014,40(11) :3403-3410.

FOFANA I, WASSERBERG V,BORSI H, et al. Challenge of mixed

—
e
[

insulating liquids for use in high-voltage transformers[J]. IEEE
Transactions on Electrical Insulation Magazine ,2002,18(4) ;5-16.
[ 9] JARZE 2 5eiR , IR, 55, 5L T [0 52 v i i 2 i) il 4026 2otk
AVEAGL)]. FrEHA ,2014,40(2) :489-496.
ZHOU Lijun, LI Xianlang, WANG Xiaojian, et al. Status assessment
of oil-paper insulation based on recovery voltage method[ J]. High
Voltage Engineering,2014,40(2) :489-496.
[10] i, X8 €, B g4, 4. I 1K 2 28 0 Dy v s il
AL AL A BRI [ ], B AL TR 24 4R, 2011, 31
(31) :196-203.

YANG Lijun, DENG Bangfei, LIAO Ruijin, et al. Improvement of
lifetime model on thermal aging of oil-paper insulation by time-
temperature-moisture superposition method [ J]. Proceedings of the
CSEE,2011,31(31) :196-203.

[11] FEFBL. iR v ) 728 s g 18 1A 48 2 2 AL 12 Wi S CHEB [ D ]
VU2 P52 5838 K27, 2003.

RUN Chunjiang. Diagnosis and its application of immersed power
transformers solid insulation aging[ D]. Xi’an; Xi’an Jiaotong Uni-
versity,2003.

[12] Fhooe, B4, TR, 45, oo xd A48 R 2% il ohoRe i & e A0 4

GG LA A W SABIE [T]. i T H AR 22 4, 2017, 32
(13) :255-263.
LIN Yuangeng, LIAO Ruijin, ZHANG Yiyi, et al. Effects and cor-
rections of oil replacement upon furfural content in insulating oil
and aging assessment of insulation paper of power transformers| J].
Transactions of China Electrotechnical Society,2017,32(13) :255-
263.

[13] PAHLAVANPOUR P, EKLUND, MARTINS M A. Insulating paper
ageing and furfural formation[ C] // Proceedings of 2003 Electrical
Insulation and Electrical Manufacturing & Coil Winding Technology
Conference. Indianapolis, India:IEEE,2003283-288.

[14] FARAHANI M, BORSI H, GOCKENBACH E. Dielectric response
studies on insulating system of high voltage rotating machines[ J].
IEEE Transactions on Dielectrics and Electrical Insulation,2006,13
(1):383-393.

[15] SAHA T K, PURKAIT P. Investigation of an expert system for the

condition assessment of transformer insulation based on dielectric

response measurements| J]. IEEE Transactions on Power Delivery,

2004,19(3) :1127-1134.

By A R . R A i AR R ALY

ERR[T). BLTHOARYA,2012,27(5) « 1-12.

LIAO Ruijin, YANG Lijun,ZHENG Hanbo, et al. Reviews on oil-

—
=)
[

paper insulation thermal aging in power transformers[ J]. Transac-
tions of China Electrotechnical Society,2012,27(5) :1-12.

[17] SAHA T K,PURKAIT P. Investigation of an expert system for the
condition assessment of transformer insulation based on dielectric
response measurements| J |. IEEE Transactions on Power Delivery,

2004,19(3) :1127-1134.

EE® T

kOF(1981—), B, wmEmEA, 8
P W BEEE AT EAL SRR
RACIEAT (b B G A M XE AR 2 A
it & R 5 B 3 8K (E-mail ; unifzhang @
hotmail.com)

ZH % (1994—), B, #4b K XA, AR
TR E, EEHAT @A e EEG R
M XA AR (E-mail ; 13618697813@163.com)

(F%% 204 R continued on page 204)

®



o2 2 2 @

% it &

%39%

[22] REN L K,LV W M,JIANG S W et al. Fault diagnosis using a joint
model based on sparse representation and SVM[ J]. IEEE Transac-
tions on Instrumentations and Measurement, 2016, 65 ( 10) ; 2313-
2320.

fEE

MK E(1986—) , B @@ A, MR A, T 24
RAMACLAREEZEN SR ELW HEEEBEHE KR
(E-mail ; qiuyuyang_1025@163.com) ;

iL B (1968—), B, drin B %A, #4 WEmr LS
i R T AR RSN LRk E GRS

#.% 3 K (E-mail ; ruan308@126.com ) ;

FHEA(1976—), 5, BEILFFoR
AL B BAR W AR A S, £ AT
R GAMERREI L% HELE &
B B AL AL 242 5 A (E-mail;
huangdc99@163.com) ;

EAER(1986—), B, BEANA, S
BIARIF L, TR @A BRI
AL 5 B ES T H— K R it A48 - % (E-mail : zhijian.
zhuang@cn.abb.com)

R

Over-travel detection of electrical contact for high-voltage circuit breaker
based on improved HHT and SVM
YANG Qiuyu' , RUAN Jiangjun' ,HUANG Daochun',ZHUANG Zhijian>
(1. School of Electrical Engineering, Wuhan University, Wuhan 430072, China;
2. Power Product Medium Voltage Technology Center, ABB( China) Co.,Ltd.,Xiamen 361006, China)

Abstract: The HHT ( Hilbert-Huang Transform) is improved by EEMD ( Ensemble Empirical Mode Decomposition) .
The improved HHT method combined with SVM ( Support Vector Machine ) is applied to feature extraction of
vibration signal of HVCB ( High-Voltage Circuit Breaker) and over-travel state recognition of HVCB’s electrical con-
tacts. The IMF (Intrinsic Mode Function) components reflecting local characteristics of HVCB’s vibration signal are
extracted by EEMD , then their Hilbert marginal spectrum energy is calculated to build characteristic vector of electri-
cal contact over-travel of HVCB. The SVM is trained by the characteristic vector to realize the automatic detection of
electrical contact over-travel. The vibration signals of HVCB under different over-travel states are extracted and
analyzed ,and the results show that the proposed method can effectively detect the electrical contact over-travel of
HVCB.
Key words : high-voltage circuit breaker ; vibration signal ; over-travel of electrical contacts ; Hilbert-Huang transform ;
support vector machine ; state recognition
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Analysis of transformer oil paper insulation aging using

improved Davidson-Cole dielectric model

ZHANG Tao',LI Linduo' ,RAN Huajun®,XIAO Xia',ZHONG Tingting'
(1. College of Electrical Engineering and New Energy, China Three Gorges University, Yichang 443002, China;
2. Hubei Provincial Collaborative Innovation Center for New Energy Microgrid,
China Three Gorges University, Yichang 443002, China)

Abstract : In order to accurately analyze the state of transformer oil paper insulation using FDS ( Frequency-domain
Dielectric Spectroscopy ) ,an improved Davidson-Cole dielectric model considering DC conductivity and hopping con-
ductivity is proposed. The Davidson-Cole dielectric model is improved by parameterizing the measured FDS data and
then transformed into a nonlinear optimization problem. The mixed frog leaping optimization algorithm is adopted to
identify the parameters of the improved Davidson-Cole dielectric model, by which,the characteristic parameters such
as relaxation time 7,asymmetry of circular arc 8 and DC conductivity o, are obtained. The influences of aging and
moisture on the parameters of modified Davidson-Cole dielectric model for oil paper insulation samples are re-
searched. The research results show that 8 has good exponential relationship with furfural content, o, has good expo-
nential relationship with moisture content,and 7 has good logarithmic relationship with furfural content and moisture
content. Quantitative functions of relationship between furfural content, moisture content and model parameters are
obtained by linear fitting. These quantitative functions have high goodness of fit,so the improved Davidson-Cole die-
lectric model can be used to quantitatively evaluate the state of transformer oil paper insulation.

Key words : power transformers ; oil-paper insulation ; improved Davidson-Cole model ; water content ; furfural content;

frequency-domain dielectric spectroscopy
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Fig.Al Three electrode test device
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